Nucleostemin 3 (NS3) is an evolutionarily conserved protein with profound roles in cell growth and viability. Here we analyze cell autonomous and non-cell autonomous growth control roles of NS3 in Drosophila, and demonstrate its GTPase activity using genetic and biochemical assays. Two null alleles of ns3, and RNAi, demonstrate the necessity of NS3 for cell autonomous growth. A hypomorphic allele highlights the hypersensitivity of neurons to lowered NS3 function. We propose that NS3 is the functional ortholog of yeast and human Lsg1, which promotes release of the nuclear export adapter from the large ribosomal subunit. Release of the adapter and its recycling to the nucleus are essential for sustained production of ribosomes. The ribosome biogenesis role of NS3 is essential for proper rates of translation in all tissues and is necessary for functions of growth-promoting neurons.
INTRODUCTION
The rate and fidelity of protein synthesis in a cell depend upon the proper assembly of the ribosome. Ribosome biogenesis begins in the nucleolus with the synthesis of ribosomal RNA (rRNA) and culminates in the creation of a fully functional ribosome competent to initiate protein synthesis in the cytoplasm. This process is impressively intricate, requiring ~200 factors acting at various levels. Major ribosome biogenesis steps include directing rRNA posttranscriptional modification, 90S cleavage, folding/assembly of the small (40S) and large (60S) ribosomal subunits, and proper transport from the nucleus to cytoplasm where final maturation occurs (Henras et al. 2008; Panse and Johnson 2010; Staley and Woolford 2009; Strunk and Karbstein 2009; Zemp and Kutay 2007) .
Export of pre-ribosomal subunits from the nucleus to the cytoplasm requires movement through the nuclear pore complex (Hurt et al. 1999; Moy and Silver 1999; Seiser et al. 2006; Stage-Zimmermann et al. 2000) . The pre-60S subunit achieves nuclear export by recruiting nuclear export factors, including the nuclear export signal (NES)-bearing protein Nmd3 Ho et al. 2000) . Equally essential is recycling of Nmd3 from the cytoplasm back to the nucleus for subsequent rounds of pre-60S export. The release of Nmd3 appears to be the last step of a highly ordered pathway of ribosome maturation in the cytoplasm (Lo et al. 2010) .
Studies in Saccharomyces cerevisiae implicated RpL10p and Lsg1p as factors critical for Nmd3
recycling. Loss of either RpL10p or Lsg1p caused accumulation of Nmd3 in the cytoplasm, which precluded its ability to return to the nucleus for additional rounds of pre-60S export . Thus, the loss of Nmd3p, RpL10p, or Lsg1p through mutation causes 60S subunit deficiency in the cytoplasm.
In Drosophila, a well-known class of mutations, called Minutes, affects ribosome assembly. Minutes have delayed development and small or "minute" bristles; mutations affecting 66 of the 88 predicted ribosomal proteins have this phenotype (Marygold et al. 2007 ).
The first Minute gene was discovered by Calvin Bridges and T.H. Morgan in 1919 (Bridges and Morgan 1923) . This allele of RpS8 was the founding member of what came to be a large class of genes that are often haplo-insufficient. Later, with the advent of molecular biology, it became clear that most Minute genes code for ribosomal proteins. The conclusion was that the normal rate of progression through larval development and normal bristle synthesis are highly sensitive to protein synthesis rates (Lambertsson 1998 ).
Loss-of-function alleles for different ribosomal protein genes can have distinctive phenotypes in addition to the shared classical Minute phenotypes. For instance, loss of RpS6, a small subunit protein, causes a counterintuitive phenotype: extensive larval overgrowth (Lin et al. 2011) . Studies to determine which tissues normally require RpS6 to restrict growth showed that prothoracic glands of RpS6 mutants do not function properly. The consequent lower level of the hormone ecdysone, which promotes larval developmental progression and molts, extends the period of larval development and feeding. RpS6 mutant larvae feed longer and grow abnormally large (Lin et al. 2011) . It is unclear whether the prothoracic gland is particularly sensitive to the skewed stoichiometry of ribosomal proteins in RpS6 mutants, or whether RpS6 has a more specific function in this tissue such as regulation of ecdysone synthesis directly. A specific role would be consistent with the recently proposed view that the ribosome is not a uniform constitutively active complex. Instead ribosomes are composed of variable subunits that facilitate unique translation regulation of mRNA subsets (Xue and Barna 2012) . In support of this concept, mice mutant for a large subunit protein, RpL38, have specific homeotic transformations due to failed translation of, and 80S association with, a certain subset of Hox gene mRNAs (Kondrashov et al. 2011 ).
Here we report detailed genetic and biochemical studies of another protein that regulates ribosome assembly and has a distinctive phenotype beyond reduced growth at the cellautonomous level. The present study follows from our previous characterization of flies carrying an allele of Drosophila Nucleostemin 3 (ns3 G0431 ) . These flies are developmentally delayed during larval stages, have partial recessive lethality, eclose late, and are small. NS3 is closest in sequence to yeast Lsg1p, the protein necessary for recycling the 60S export protein Nmd3 to the nucleus . It therefore seemed reasonable that the ns3 loss-of-function phenotypes are due to an overall reduction in protein synthesis like a typical Minute. However, we found that homozygous mutant clones of ns3 were not small, indicating non-cell autonomous rescue of mutant cells by cells elsewhere that have functional NS3. Remarkably, expression of ns3-YFP in neurons using a elav-gal4 driver was capable of nearly completely rescuing the phenotype ). Here we show that two newly analyzed larval lethal alleles of l(1)2Ad are strong loss-of-function alleles of ns3. The lethality of these alleles, and ns3-RNAi studies, indicate additional cell-autonomous growth roles of NS3. The hypomorphic allele ns3 G0431 reveals critical growth-promoting roles of neurons. We conclude that ns3 has both cell-autonomous and non-cell autonomous growthpromoting roles.
MATERIALS AND METHODS

Percent protein similarity and phylogenetic analyses
Percent protein similarity over the entire length of individual fly NS members versus S.
cerevisiae Lsg1p was determined using EMBOSS Stretcher. A phylogenetic tree of fly NS members and yeast and human Lsg1p proteins was generated by ClustalW2 (Larkin et al. 2007 ).
The distance value of each branch shows the number of substitutions as a proportion of the length of the alignment (gaps excluded).
Yeast rescue experiments
NS3 DNA was amplified by PCR from UAST-NS3-YFP using oligos: 5-GCCACTAGTACCATGGGCAAAAAGAACAAGGG and 5'-TTTTAAGCTTCTAGTTAATTAAGTGCTCGTCCAGGTGCGAGA for cloning into pRS415-GPD or 5'-GGCACTAGTAAAATGGGCAAAAAGAACAAGGGC and 5'-GCCAAGCTTCAGTGCTCGTCCAGGTGCG for cloning into pRS425-GPD. NS1 DNA was PCR-amplified from complete cDNA AT23067 using primers 5'- Transformants were selected on Leu -medium and re-streaked onto Leu -medium containing 5FOA and incubated for five days at 30°C.
Drosophila culture and strains utilized
Drosophila were cultured on standard molasses media at 25°C except where indicated. The following fly lines were acquired from the Bloomington Drosophila Stock Center: ddc-gal4 (Li et al. 2000) , ple/th-gal4 (Friggi-Grelin et al. 2003) , P{hsFLP}22; Pin[1]/CyO, . The dtrh-gal4 was a gift from Dr. Ed Kravitz (Alekseyenko et al. 2010 ). The isoD1 line was a gift from Drs. Daryl Gohl and Tom Clandinin (Gohl et al. 2011 ).
Generation of expression vectors and transgenic flies
For the K350N antimorphic version of ns3, a Gateway entry clone pDONR207 (Invitrogen) containing ns3 was mutated with point mutations (K to N) using a QuikChange XL Site-Directed Mutagenesis Kit (Stratagene). LSG1 cDNA was amplified from vector pAJ2229 (Arlen Johnson) and cloned into entry clone pDONR207. Ns3(K350N) and LSG1 were then cloned into pTVW and pTW, respectively, using site-specific recombination according to the manufacturer's Gateway cloning protocol. The resulting expression vectors were injected into yw embryos to generate transgenic fly lines.
Fly weight, developmental time to eclosion, and percent viability studies
The Gal4 drivers (dtrh-gal4, ddc-gal4, th-gal4) were all backcrossed five times with the isogenic line isoD1 to reduce background genetic effects (Gohl et al. 2011) , and a recombinant dtrh-gal4, th-gal4 line was subsequently created. Males of this strain were crossed to virgin females of the genotype ns3 G0431 /FM7i, Act>GFP; uas-ns3-YFP for 6-8 hours in collection bottles, where embryos were laid on standard molasses/agar plates. The embryos were aged for 24 hours at 29°C until hatching, then 40 non-GFP (ns3/Y and ns3/+) larvae were transferred to vials containing standard molasses medium, in triplicate. Vials were placed at 29°C and the number of flies eclosing daily was scored. Fly weight measurements were carried out as previously described TGATTGTCAAAAACACGTGCAATGTTTGCCC/G).
Creation of recombinant NS3-MBP and GTPase Assay
Full-length ns3 was cloned into a pMal-p5X vector that contains a maltose-binding protein (MBP) tag. MBP-tagged NS3 protein (NS3-MBP) was expressed in BL21 codon+DE competent cells and purified under the following conditions. The culture was grown at 37°C in LB amp supplemented with glucose until an OD 600nm of 0.5 was reached. The flask was then cooled to 16°C and induced with 0.1mM IPTG overnight. The cells were pelleted and resuspended in 25mLs column buffer (20mM Hepes, 200mM NaCl, 1mM EDTA, protease inhibitors (Sigma P8465), and 1mM DTT). Cell lysis was achieved by the addition of lysozyme (0.2mg/ml) for 30-mins on ice. The lysate was then sonicated, Triton-X 100 was added to a final concentration of 1%, and the lysate was centrifuged for 30mins at 48,384g at 4°C. The supernatant was then applied to a column containing 1mL of Amylose Resin (New England BioLabs) and gently rotated overnight at 4°C. The supernatant was then allowed to flow through the column (Kontes flex column 1X10 cm) by gravity, the amylose NS3-MBP carrying resin bed was washed with column buffer 4 times, and NS3-MBP was eluted with multiple 500ul aliquots of column buffer containing 10mM maltose. The various elutions were tested for the presence of NS3-MBP via SDS-PAGE analysis, and the elutions containing NS3-MBP were pooled. Two major bands were seen, 112kD (NS3-MBP) and 42kD (MBP). Two fractionation steps were then applied.
First, an Amicon Ultra100 was used to separate NS3-MBP (112kD) from MBP (42kD). Second, the <100kD flow through from the Amicon Ultra100 fraction was further purified with an Amicon Ultra30. The ≥100kD, 112kD NS3-MBP containing retentate, from fractionation #1 and the ≥30kD, 42kD MBP containing retentate from frationation #2 were used for the GTPase assay. NS3-MBP and MBP concentrations were measured by Bradford protein assay. The
GTPase activities of NS3-MBP and MBP were determined using Innova Biosciences GTPase Kit following the manufacturer's protocol. A standard curve was made using Pi standards and was used for calculation of amount of released Pi and GTPase activity.
NS3 antibody creation, purification, and western analysis
Two rabbits were immunized against the C-terminus of NS3 (amino acids 306-606) (Josman Labs 
Microscopy and image analysis
Larval CNS, salivary glands, and imaginal discs were prepared for imaging as previously described with PBS containing 0.1% Triton X-100 (PBT), overnight incubations in primary antibody, and 4 hour incubations in secondary antibody at room temperature (Wu and Luo 2006) . obtained using image J (Schneider et al. 2012) . To quantify cytoplasmic RpL13 and RpS6 levels, ellipses were manually drawn proximal, but external to, nuclei as defined by DAPI or Lamin-GFP. Ellipses were then converted to curved lines with the "convert region to line" plugin and average pixel intensities for ribosomal proteins under the curved line were measured.
The stochastic expression of the c061-gal4 driver in the salivary gland made it possible to compare the outcome of ns3 knockdown to neighboring "wild-type" cells that did not produce Gal4. Each c061-gal4 salivary gland typically had 2-10 cells that did not express Gal4. These control values were obtained by manually drawing four boxes in surrounding brain tissue and measuring average pixel intensity.
RESULTS
NS3 is the functional ortholog of yeast Lsg1
In eukaryotic evolution, a clade of GTPases expanded from an ancient prokaryotic protein that resembled modern YlqF, an essential GTPase that promotes ribosome assembly (Leipe et al. 2002; Uicker et al. 2006) . Most members of the YlqF-Related GTPase (YRG) family have clear roles in ribosome biogenesis, particularly in the maturation and movement of ribosome subunits from nucleoli to the cytoplasm (Table 1 ) .
The expansion of several ribosome biogenesis factors during eukaryotic evolution has evidently facilitated the compartmentalization of ribosome biogenesis steps in the modern eukaryotic cell ).
The S. cerevisiae YRG member Lsg1p is a cytoplasmic GTPase that is associated with nascent 60S subunits (Fig. 1A ). An apparent gene duplication of LSG1 in coelomate evolution created one paralog which has the highest similarity to LSG1 and another that diverged in sequence . Based on protein sequence similarity, the likely ortholog of Lsg1p in Drosophila is Nucleostemin 3 (53.1% similar), with Nucleostemin 4 (40.6% similar) being a divergent paralog (Table 1 , Fig. 1A ).
To further validate that NS3 is the functional ortholog of Lsg1p, we transformed LSG1, Drosophila nucleostemins 1-4, or empty vector into the lsg1∆ yeast mutant containing a LSG1 URA3 vector. The LSG1 URA3 vector was eliminated on 5FOA-containing media, which is toxic to cells containing a URA3 gene. Strains transformed with ns3 partially rescued lsg1∆ lethality. In contrast, ns1, ns2, and ns4 did not rescue lethality of lsg1∆ (Fig. 1B ). This suggests that NS3 is a functional ortholog of Lsg1p.
Yeast LSG1 expression was unable to rescue mutant ns3 flies. We previously demonstrated that fly ns3 mutants (ns3 G0431 ) could be rescued by the expression of wild-type ns3-yfp using the ddc-gal4 driver . Expression of LSG1 with this same driver was not capable of rescuing the ns3 decreased fly size (Fig. 1C) or the ns3 developmental delay (Fig. 1D ). We suggest that NS3 acquired unique features during metazoan evolution that preclude Lsg1p from rescuing an NS3 deficiency. This might have entailed alterations that enable unique protein localization properties, as discussed below.
Alleles of l(1)2Ad are strong loss-of-function alleles of ns3 and are larval lethal
The ns3 G0431 mutation causes phenotypes common to the Minute phenotypic class:
developmental delay, small cell size, and small adults (Lambertsson 1998; Marygold et al. 2007 ). The ns3 G0431 fly is not a typical Minute as its growth defects are non-cell autonomous and caused by defective neuronal signaling . However, a purely non-cellautonomous growth-control function of NS3 is unlikely based on the following. First, yeast and human orthologs of NS3 have strong effects on cell growth and viability . Second, expression of a shRNA targeting ns3 either ubiquitously (tubulingal4; 100% lethal) or in neurons (elav-gal4; 100% lethal) causes lethality exceeding that of the ns3 G0431 mutant, which has "escapers" that make it to adulthood.
To clarify the roles of ns3, we sought stronger mutant alleles. is a P-element insertion in the 5'UTR ( Fig. 2A) .
The alleles l(1)2Ad 1 and l(1)2Ad 3 were previously characterized as first-instar lethal. In mosaic analyses with these alleles the gene was necessary for female germline viability (Perrimon et al. 1989 2C ) and are small (Fig. 2D ).
Given that our current ns3 G0431 stock yields few to no homozygous females (Fig. 2B ), we performed subsequent analyses with hemizygous males.
In our previous studies, flies carrying ns3 G0431 males were developmentally delayed and small due to non-autonomous growth-controlling roles of ns3 . We suspect that this less-lethal phenotype is due to the allele retaining partial function. In contrast, the strong alleles ns3 l(1)2Ad1 and ns3 l(1)2Ad3 illustrate the expected requirement for NS3 in all cells.
These two mutations prevent female germline viability (Perrimon et al. 1989) (Fig. 2E ).
NS3 is a functioning GTPase and inactivation of this domain confers antimorphic activity
Unlike conventional GTPases that contain five G-domain motifs ordered G1-G2-G3-G4-G5, the YRG family of GTPases (including Lsg1p) carry "circularly permuted" G-motifs in the order of G4-G5-G1-G2-G3 (Fig. 3A) . Mutations within the putative GTP-binding domain of yeast Lsg1 cause a strong antimorphic effect, preventing ribosomal subunit export from the nucleus and stalling growth . This suggests that the (Kaziro et al. 1991) . It is unknown whether GTPase activities of Lsg1/NS3 orthologs can be stimulated by GTPase-activating proteins (GAPs) or other factors which can increase catalytic rate >100 fold (Bernards and Settleman 2004; Kaziro et al. 1991) . For instance, the K cat of E. coli YRG member YjeQ is increased ~500
fold in the presence of small ribosomal subunits (Daigle and Brown 2004) .
To further study the GTPase function of NS3, we introduced into flies a UAS-controlled ns3 transgene carrying point mutations in the GTPase domains. The "K350N" NS3 mutation we employed falls within the conserved G1 motif (GX4GKS/T) of the GTPase domain (Fig. 3A) .
Previous studies of other GTPases have shown that mutating this lysine residue reduces the GTPase catalytic activity. For example, mutating the lysine to alanine (K220A) in YjeQ, an E. coli circularly permuted GTPase, reduced its K cat by ~2.5 fold (Daigle et al. 2002) . Hydrogen bonding provided by the K16 residue in H-Ras is thought to coordinate the γ-phosphate of GTP for nucleophilic attack by a water molecule (Pai et al. 1990) . A H-Ras K16N mutant, which corresponds to the mutation we created in NS3 (K350N), caused a ~100 fold reduction in affinity for GDP and GTP, and its expression in yeast suppressed cell growth (Sigal et al. 1986 ). Thus, these previous studies suggest that replacing the NS3 lysine at position 350 with asparagine will create a mutant protein defective in the binding, coordination, and catalysis of GTP. The corresponding K350N mutation in S. cerevisiae Lsg1 is lethal and antimorphic ).
When a wild-type ns3-YFP transgene was expressed in ns3 G0431 flies, using the ddc-gal4 driver, the delayed development and small body size phenotypes were rescued NS3 is necessary for cell-autonomous growth control and localizes to cytoplasmic puncta and nuclear and cellular peripheries
We next sought to characterize the tissue expression pattern and subcellular localization of NS3. Using newly made antibodies against the fly protein, we visualized NS3 in the imaginal wing disc and salivary gland (Figs 4A-K). In parallel with these NS3 localization studies, we expressed a UAS-driven shRNA directed against ns3 in discrete subsets of cells within a tissue.
This was done using a heat shock-driven FLP recombinase and an actin-gal4 that cannot produce 1741.8 ± 367.7 um 2 . This difference is significant (P value = 3 x 10 -5 , student's t-test, n = 13 and 10 cells).
In wild-type cells, NS3 is present in the cytoplasm of diploid imaginal wing disc cells (Fig.   4C ) and polyploid salivary gland cells (Fig. 4G ). In the salivary gland, NS3 is not observed in the nucleus but is enriched proximal to, or coincident with, the nuclear envelope and plasma membrane (Fig. 4J) . NS3 is also present in cytoplasmic punctate structures (Fig. 4J , L, M).
Nuclear envelope proximal localization of NS3 was also observed on the oocyte nucleus of adult egg chambers and larval midgut cells, and cytoplasmic localization was observed in nurse and midgut cells (Sup. Fig. 1 ). These patterns using our newly raised antibody represent NS3 localization as western analysis indicates our antibody most strongly recognizes a protein of NS3's predicted molecular weight (70 kDa), and NS3-YFP expressed in the salivary gland (c061>ns3-yfp) has identical localization patterns (cytoplasmic puncta and nucleus/cell membrane proximal) (Sup. Fig. 1G , and Sup. Fig. 2 ). Membrane localization of NS3 and NS3-YFP may be unique to salivary gland cells, as it was not observed elsewhere. Yeast Lsg1 has been observed in the cytoplasm, though not in punctate structures or at the cell periphery . Human hLsg1, like NS3, appears to exist in cytoplasmic foci and at the nuclear periphery. However, unlike NS3 localization, hLsg1 was observed in the nucleus co-localized with Cajal bodies as well as coincident with ER .
Our rescue of the ns3 G0431 mutant with ns3-yfp expressed in neurons (elav>ns3-yfp)
suggests hypersensitivity of neurons to low NS3 dose . Ns3 G0431 could be rescued by expressing ns3-yfp using ddc-gal4, a driver that is active in most dopaminergic (DA) and serotonergic (5-HT) neurons (Li et al. 2000) . Given that the majority of cells that express both elav and ddc-gal4 drivers are DA and 5-HT neurons, NS3 may have a unique role in those cells. To investigate more closely whether NS3 has a special localization pattern in 5-HT and/or DA neurons, we compared staining levels of NS3 in ddc-gal4-expressing cells to neighboring cells that do not express ddc-gal4 (Fig. 4K, L) . To visualize ddc-gal4-expressing neurons, we drove mtd-Tomato with ddc-gal4 and stained the larval CNS with our anti-NS3 antibody. NS3 appears ubiquitous throughout the larval CNS (Fig. 4K) , with no sign of unique NS3 patterns in ddc-expressing cells (Fig. 4L) . Thus, the special requirement for NS3 in ddc cells is not reflected in a visibly distinct protein localization pattern.
The GTPase domain is required for NS3 function (Fig. 3) . We observe an intriguing difference between NS3-YFP and NS3-K350N-YFP protein localization in neurons. NS3-YFP is strongly enriched in punctate structures, while NS3-K350N-YFP is much more diffuse and often spreads from the cell body into axons and dendrites (Fig. 4M, N) . GTP coordination or hydrolysis may be necessary for proper NS3 localization.
Lower levels of ribosomal proteins RpL13 and RpS6 in cells with reduced ns3
S. cerevisiae lsg1 loss-of-function mutants cause retention of the 60S subunit protein
RpL25 in nucleoli, indicating that Lsg1 is required for 60S export. Lsg1 works by facilitating recycling of the export adapter . We examined whether NS3 also functions in 60S subunit export by observing the localization of the 60S subunit protein RpL13 in salivary gland cells where ns3 had been knocked down with RNAi. We expressed ns3-dsRNA with c061-gal4 (c061>ns3-dsRNA), a driver that is active at variable levels in cells of the salivary glands. This convenient tool enabled the assessment of ns3-RNAi knockdown consequence relative to nearby wild-type cells where no ns3-dsRNA was expressed. A third transgene, uas-lamin-gfp, was included to mark cells expressing ns3-dsRNA.
In wild-type cells lacking Lamin-GFP and therefore lacking ns3-dsRNA, RpL13 was localized in the nucleolus, especially its outer layer, to the nucleoplasm, and to the cytoplasm.
In cells with ns3 knocked down, identified by their Lamin-GFP and consequently known to be expressing ns3-dsRNA, cytoplasmic RpL13 levels were lower ( Figure 5A-5D ). To quantify the results, average pixel intensities of cytoplasmic RpL13 were measured and then normalized by dividing RpL13 levels in wild-type cells by that of ns3-dsRNA-expressing cells. Cytoplasmic
RpL13 levels in wild-type cells were 1.4 ± 0.13 times greater than ns3-dsRNA expressing cells.
This contrasts with unchanged levels of RpL13 in control salivary gland tissues analyzed in parallel that did not carry ns3-dsRNA and produced only Lamin-GFP (1.1 ± 0.08, p = 0.04, t-test) ( Figure 5I ).
To determine whether the effect of ns3 knockdown was a general influence on ribosomes beyond its specific effect on RpL13, we examined the localization and levels of RpS6, a component of the 40S subunit. RpS6 was observed in the cytoplasm of both wild-type and ns3-dsRNA expressing cells though, like RpL13, its levels were significantly reduced in cells after ns3 knockdown (Figs. 5E-5H ). Wild-type cells had 6.0 ± 1.8 times more RpS6 than neighboring cells expressing ns3-dsRNA. This contrasts with control salivary glands that did not express ns3-dsRNA (1.7 ± 0.2, p = 0.005, t-test) (Fig. 5I) . Reduced cytoplasmic RpL13 and RpS6 after ns3-dsRNA is consistent with a role for NS3 in 60S subunit export.
ns3 G0431 developmental defects are rescued with ns3-yfp expression driven by the dopaminergic th-gal4 driver
Previously, a panel of 15 gal4 drivers with expression in cell subpopulations were used to express ns3-yfp in the ns3 G0431 mutant background and test for rescue of the developmental delay and small body size phenotypes . From this panel, only the elav-gal4
(elav>ns3-yfp) and ddc-gal4-driven ns3-yfp (ddc>ns3-yfp) rescued the mutant. Given that elavgal4 is neuron-specific and that ddc-gal4 is expressed in most larval 5-HT-and DA-positive cells, ns3 mutation likely affects cells in the intersection of the two drivers' expression patterns:
5-HT and/or DA neurons. Lack of rescue with a th-gal4 driver led to the earlier conclusion that the 5-HT neurons were most important.
To further define the most highly affected defective neurons in the ns3 G0431 mutant, we tested rescue by ns3-yfp expression driven by the newly available dtrh-gal4 (Alekseyenko et al. 2010) , which is active in 5-HT neurons. We also retested th-gal4 for DA neurons (Friggi-Grelin et al. 2003) . As expected, ddc>ns3-yfp provided strong rescue: 76.7 ± 1.4% of ns3 G0431 /Y; ddc>ns3-yfp flies eclosed 10 days after embryos were deposited (AEL) (Fig. 6A ). (Fig. 6B) .
Given that the cells that activate both elav-gal4 and th-gal4 are mostly DA neurons, we suspect that DA neurons are especially prone to defects when NS3 dose is reduced in the hypomorphic ns3 G0431 background. The level of NS3 in ns3 G0431 DA neurons relative to surrounding non-DA neurons was unchanged relative to wild-type, ruling out an allele-specific effect on NS3 dosage in DA neurons (Sup. Fig. 3 ). 
DISCUSSION
Evolutionary conservation and possible divergence of Lsg1/NS3 functionality
In yeast, Lsg1p is a cytoplasmic GTPase associated with the 60S ribosomal subunit. It is required for releasing the nuclear export adapter Nmd3p from the 60S ribosomal subunit and therefore indirectly promotes 60S nuclear export . In this study, we found that expression of fly NS3 in yeast cells was sufficient to rescue Lsg1p deficiency, confirming their orthology. Thus NS3 appears to ensure proper export of the 60S subunit from the nucleus, like Lsg1p. Consistent with this view, levels of RpL13, a large ribosomal protein, were lower in the cytoplasm of salivary gland cells where ns3 was knocked down with RNAi (Figs. 5A-5D, 5I ). Levels of a small ribosomal subunit protein, RpS6, were also reduced after ns3 knockdown (Fig. 5E-5H, 5I ). NS3 contributes to one or more steps that culminate in proper protein synthesis.
We previously showed that expression of a uas-ns3-yfp transgene under the control of ddcgal4 could strongly rescue the ns3 G0431 mutant. Expression of uas-lsg1 in this same fashion was not sufficient to provide rescue of the ns3 G0431 mutant (Figs. 1C, 1D ). This apparent contradiction may be explained by features of fly NS3 that suggest functional divergence from yeast Lsg1p. NS3 localizes within or proximal to the nuclear envelope and plasma membrane, and is found within cytoplasmic puncta. Lsg1p was not described to be in these subcellular regions and exists throughout the cytoplasm . The distinctive localization features of NS3 may reflect special features that were acquired in the metazoan lineage, precluding yeast Lsg1p from rescuing the fly ns3 mutant.
The human protein that is orthologous to Lsg1p/NS3 is hLsg1 . Like yeast and fly Lsg1p/NS3, hLsg1 is necessary for cell viability. It is unclear whether hLsg1 has specific roles in ribosome biogenesis, though this is likely given its protein sequence similarity to the yeast ortholog. NS3 and hLsg1 share localization properties. Both proteins are coincident with the nuclear envelope and located in unidentified cytoplasmic puncta (Fig. 4J , Sup. Fig. 1 ) ). We did not observe NS3 in the nucleus, yet hLsg1 was observed in nuclear Cajal bodies that contain many factors involved in pre-ribosomal RNA and mRNA processing . Just as NS3 and Lsg1p have functional differences, hLsg1
appears to have features and functions different from NS3.
Cell-autonomous role of NS3 revealed by new alleles
In yeast and human cells, Lsg1 is essential for cell viability and growth ), yet the Drosophila ns3 G0431 allele was only partially lethal. Many ns3 G0431 flies survive to adulthood, albeit with developmental delay and decreased overall size ). Here we identified two alleles of the previously uncharacterized locus l(1)2Ad as new alleles of ns3. Both ns3 l(1)2Ad1 and ns3 l(1)2Ad3 , which are predicted to have severe truncation of the protein, cause 100% lethality and are therefore likely strong loss-of-function alleles. In contrast, the ns3 G0431 lesion is a P-element insertion in the 5'UTR, which may cause only a subtle loss-of-function. The apparent inconsistency between cell lethality in lsg1 mutant yeast and mammalian cells and semi-viability in fly cells was resolved by the lethality of the stronger loss-of-function ns3 alleles. We suspect that most or all Drosophila cells depend upon NS3 for ribosome biogenesis and therefore growth and viability.
Flies with the ns3 G0431 allele likely survive to adulthood due to a more subtle drop in NS3 levels.
A family of non-canonical GTPases with unified roles in ribosome biogenesis
The canonical GTPase structure, based on Ras, carries G-domain motifs ordered from the N to C terminus as G1-G2-G3-G4-G5. Lsg1 and NS3 contain circularly permuted G-domain motifs that are instead ordered G4-G5-G1-G2-G3 (Fig. 3A) . This structure is common for GTPases involved in ribosome biogenesis. Several ribosome biogenesis proteins belong to a family of circularly permuted GTPases that expanded in eukarya from a single circularly permuted GTPase, YlqF (Table 1) . YlqF itself promotes ribosome biogenesis as it is necessary for 70S assembly in B. subtilis (Uicker et al. 2006) .
In spite of their atypical structures, several circularly permuted GTPases within the YRG family have been demonstrated to be genuine GTPases using crystal structures or in vitro assays Daigle and Brown 2004; Levdikov et al. 2004; Matsuo et al. 2007; Moreau et al. 2008; Sudhamsu et al. 2008) .
Altered G-domain ordering does not change how each motif folds into a tertiary structure. Here we demonstrate that NS3 is proficient in GTP hydrolysis and that proper GTPase activity may confer special protein localization properties in neurons, perhaps by affecting association with other proteins.
Based on previous studies of GTPases, replacement of lysine at position 350 in NS3 with asparagine (K350N) is predicted to disrupt the coordination and catalysis of GTP (Saraste et al. 1990 ). We found that production of a protein with this mutation conferred antimorphic activities in flies (Fig 3) . This mimics what occurs in S. cerevisiae with an analogous mutation . We suggest that the antimorphic NS3(K350N) blocks important functions, or sequesters essential cofactors away from endogenous wild-type NS3. GTP hydrolysis may be necessary to remove Nmd3 from the 60S subunit and enable its return to the nucleus for another round of 60S export. In this scenario, NS3(K350N) could prevent GTPase-competent wild-type NS3 from removing Nmd3. On the other hand, NS3(K350N) had altered localization in neurons and appeared to spread from cell bodies into neurites. The altered localization could sequester important cofactors away from endogenous NS3 and thus block its ribosome biogenesis activities.
Identifying neuronal subsets involved in growth control
Previously, we had concluded that ns3 functioned within 5-HT neurons to promote growth . The primary data leading to that conclusion were that expression of uasns3-yfp in most 5-HT and DA neurons (ddc>ns3-yfp) rescued the ns3 G0431 growth defects, while expression in most DA neurons (th>ns3-yfp) did not provide rescue. We no longer believe that second, negative, result. Since that study, it has become apparent that the penetrance of ns3 G0431 phenotypes is highly dependent upon genetic background. For instance, the original background of the 5-HT driver line (dtrh-gal4) was nearly 100% lethal when placed in trans to our ns3 G0431 stock. We therefore backcrossed ddc-gal4, dtrh-gal4, and th-gal4 for five generations into an isogenized genetic background (Gohl et al. 2011 ) that we found to be semi-viable in trans to ns3 G0431 . A second demonstration of the importance of levels of rescuing protein comes from manipulating the temperature of the experiments and therefore the GAL4 activity level. Our previous studies were done at 25 deg C. The present studies were conducted at 29 deg C., which significantly boosts expression of Gal4-driven transgenes. Under the conditions of boosted gal4 expression in pure genetic backgrounds, expression of uas-ns3-yfp in DA neurons (th>ns3-YFP) provided substantial rescue.
Expression of ns3 with three different Gal4 drivers (elav-gal4, ddc-gal4, and th-gal4) has been sufficient to provide significant rescue of the ns3 G0431 mutant. The intersection between these drivers' expression patterns consists of DA neurons, suggesting that ns3 has an important role in these cells to promote growth. Perhaps factors involved in DA signaling-specific properties have an especially high requirement for protein translation efficiency. Such growthpromoting properties of DA neurons may include broad-reaching metabolism regulation like that of insulin-like peptides (ILPs), as previously suggested . ILPs are produced from a small cluster of neurosecretory cells known as ILP producing cells (IPCs) (Rulifson et al. 2002) . ILPs accumulate in IPCs in ns3 G0431 mutants . Perhaps specific signaling defects from DA neurons in the ns3 G0431 mutant lead to failed ILP modification and/or secretion from IPCs. DA neurons may also regulate nutrient acquisition activities at one or more levels such as appetite control, nutrient absorption, or feeding activities.
5-HT signaling could still be altered in the ns3 G0431 background. In keeping with that possibility, 5-HT levels were elevated in mutant adult heads. Feeding the 5-HT precursor, 5-HTP, enhanced the ns3 G0431 phenotypes . Those results could be a consequence of the primary defect of ns3 loss. Recent studies have implicated 5-HT in promoting some activities of IPCs, which in turn are necessary for growth. Developmental growth roles of 5-HT were not demonstrated, yet the expression of the 5-HT1A receptor gal4 line in IPCs (Luo et al. 2012) suggests that 5-HT may regulate IPC driven growth under certain circumstances. We propose the following alternative working models to explain ddc/th-gal4 hypersensitivity to NS3 dosage. As the NS3 yeast ortholog (Lsg1) promotes export of 60S subunits from nuclei, NS3 in metazoans may have become necessary for positioning ribosomes within the specialized structures of neurons. Most ribosomal subunits appear in the neuronal cell body, but in several instances ribosomes are localized within axons and dendrites (Brittis et al. 2002; Craig and Banker 1994; Kiebler and Bassell 2006; Rolls et al. 2007 ). This subcellular targeting of ribosomes, causing them to move across long distances, may require specialization of ribosome biogenesis proteins like NS3.
NS3 may instead translationally regulate specific mRNA subsets. Given that DA neurons appear to be especially sensitive to NS3 dose, perhaps one or more mRNAs that code for DA synthesis, degradation, transport, or synaptic dynamics is translationally regulated by NS3. A mRNA-specific translational regulation function would make NS3 analogous to mouse RpL38.
This large subunit ribosomal protein binds specifically to a subset of Hox gene mRNAs and controls their association with the 80S ribosome. Mice carrying a mutant copy of RpL38 have specific homeotic transformations due to failed translation of these Hox mRNAs (Kondrashov et al. 2011) .
Another unique translational regulation role that NS3 may play is in the proper localization I. NS3 levels in ns3 G0431 mutants were lower compared to wild-type. However, this trend is not DA neuron-specific and instead represents a general decrease in NS3 levels throughout the CNS.
When the DA levels of NS3 were normalized to surrounding regions --shown in panel I --there was no decrease in DA neuron NS3 of ns3 G0431 mutants. Thus, NS3 levels throughout the CNS were uniformly decreased throughout the CNS of ns3 G0431 mutants relative to wild-type. 
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